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Age-dependent Changes in the Macular
Choriocapillaris of Normal Eyes Imaged With
Swept-Source Optical Coherence Tomography

Angiography
FANG ZHENG, QINQIN ZHANG, YINGYING SHI, JONATHAN F. RUSSELL, ELIE H. MOTULSKY,
JAMES T. BANTA, ZHONGDI CHU, HAO ZHOU, NIMESH A. PATEL, LUIS DE SISTERNES, MARY K. DURBIN,

WILLIAM FEUER, GIOVANNI GREGORI, RUIKANG WANG, AND PHILIP J. ROSENFELD
� PURPOSE: Swept-source optical coherence tomography
angiography (SS-OCTA) was used to measure the age-
dependent changes in macular choriocapillaris (CC)
flow deficits (FDs) in normal eyes.
� DESIGN: A prospective, cross-sectional study.
� METHODS: Subjects with normal eyes ranging in age
from their 20s to their 80s were imaged using a 100-
kHz SS-OCTA instrument (PLEX Elite 9000, Carl Zeiss
Meditec, Dublin, California, USA). Both 3 3 3-mm and
6 3 6-mm scans were used to image the macular CC.
Visualization of the CC and quantification of FDs were
performed using a previously validated algorithm. The
percentage of FDs (FD%) in the central 1-mm circle
(C1), 1.5-mm rim (R1.5), and 2.5-mm circle (C2.5) from
the 3 3 3-mm and 6 3 6-mm scans and FD% in the
2.5-mm rim (R2.5) and 5-mm circle (C5) from the 6 3
6-mm scans were measured and correlated with age and
axial length.
� RESULTS: A total of 164 subjects were enrolled, with at
least 10 subjects from each decade of life. No meaningful
correlations were found between FD% and axial length
(jrj < 0.30). FD% in all fields increased with increasing
age (all r > 0.50; all P < .001); however, the greatest
increases were found in the central macula C1 regions
and the smallest increases in the peripheral macula R2.5

regions.
� CONCLUSIONS: In normal aging, the FD% increased
with age across the central 5 mm of the macula, but the
greatest increase was found in the central 1-mm region
of the macula. (Am J Ophthalmol 2019;200:
110–122. � 2019 Elsevier Inc. All rights reserved.)
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T
HE CHORIOCAPILLARIS (CC) IS A THIN, SINGLE LAYER

of densely interconnected capillaries that provide
nutritional support for the retinal pigment epithe-

lium (RPE) and the outer retina.1 Histopathologic studies
have shown decreased CC density associated with aging,2

in retinal diseases such as age-related macular degeneration
(AMD)3,4 and diabetic retinopathy (DR).5 Ramrattan and
associates studied 95 histologically normal eyes ranging in
age from 6 to 100 years and found that in the macula, age
was highly correlated with CC density.2 In eyes with
AMD, Sarks and associates found that loss of the RPE
was associated with atrophy of CC,3 and McLeod and asso-
ciates confirmed a linear relationship between the loss of
RPE and CC in geography atrophy (GA).4 They also re-
ported extreme constriction of CC in the borders of GA
and choroidal neovascularization (CNV) without RPE at-
rophy. In early AMD, Mullins and associates showed that
CC loss was associated with increasing drusen density.6

Until recently, visualization of the CC was limited to
postmortem histology or indirect observations from dye-
based angiography, in which the perfusion patterns were
assumed to reflect the CC.7 Owing to the location of this
capillary network, its small intercapillary spaces, and the
fenestrated nature of the CC beneath the highly light-
scattering RPE, it cannot be directly visualized using
fluorescein angiography (FA) or indocyanine green angiog-
raphy (ICGA). In FA, the RPE prevents fluorescent excita-
tion and detection and the fenestrated CC results in rapid
diffusion of the fluorescein into the extravascular space. In
conventional ICGA, the resolution of the imaging
technique is inadequate to detect the CC; and even though
the CC is not directly visualized, its presence is inferred
from the diffuse background fluorescent haze that results
late in the ICGA transit phases.
With the development of optical coherence tomography

angiography (OCTA), the CC can now be visualized
in vivo. Choi and associates reported CC imaging of
normal human subjects in vivo by using a long-
wavelength, 400-kHz swept-source OCTA (SS-OCTA)
prototype,8 and the en face CC images of the central fovea
and temporal retina were consistent with Olver’s electron
micrographs of methyl methacrylate casts.9 Additional
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studies using the same OCTA system have shown alter-
ations within the CC around GA, under nascent GA,
and in eyes with DR.10–14 Using adaptive optics OCTA
(AO-OCTA), Kurokawa and associates visualized the
CC and performed quantitative morphometry of the CC
at the level of individual capillaries using a small field of
view in healthy human eyes.15 Using both high-speed
(1.7 MHz) and standard-speed (170 kHz) SS-OCTA imag-
ing systems, Gorczynska and associates visualized the CC
meshwork.16 However, all of these studies used investiga-
tional research OCTA systems that were laboratory based
and not commercially available.

Using commercially available spectral-domain (SD) and
SS-OCTA instruments, researchers have imaged the CC in
several retina diseases.17–23 While visualization of the
actual CC vessels was below the resolution limit of these
instruments in the central macula, the researchers
detected areas where flow signals were not detectable and
these areas were larger than the resolution limits for
these instruments. Spaide investigated age-dependent
changes in the flow characteristics of the CC in normal
eyes using SD-OCTA.17 He identified areas where the
flow signal was not detectable, which he called flow voids,
and his results suggested that the number of these flow voids
increased with age and a history of hypertension. However,
age-dependent changes in the CC using a validated, more
reliable SS-OCTA imaging algorithm24,25 have not been
reported.

To investigate changes in the CC associated with disease,
especially in late-onset conditions such asAMD, it is impor-
tant to understand how the CC changes with normal aging.
In this study we used a commercially available SS-OCTA
instrument and our novel algorithm24,25 to quantitate CC
flow deficits within the macula and determine the changes
in the macular CC associated with aging.
METHODS

THE STUDY PROTOCOL WAS APPROVED BY THE INSTITU-

tional Review Board (IRB) of the University of Miami
Miller School of Medicine Medical Sciences Subcommit-
tee for the Protection of Human Subjects and was
performed in accordance with Health Insurance Portability
and Accountability Act of 1996 regulations. All subjects
signed an IRB-approved consent before OCT imaging
was performed. From November 7, 2016 to February 12,
2018, we prospectively enrolled volunteers with no known
ocular disease for this study at the Bascom Palmer Eye Insti-
tute. Subjects had no visual complaints, a normal ocular
history, and no identified optic disc, retinal, or choroidal
pathology on examination.

Initially, we wanted to include at least 10 subjects in
each decade of life ranging from the 20s through the 80s.
The exclusionary criteria included any history of an ocular
VOL. 200 SS-OCTA IMAGING OF THE CHOR
disease, any retinal or choroidal pathology detected on ex-
amination or with OCT imaging, a refractive error of
greater than -6.0 diopters, axial length longer than
26.00 mm, and any history of uncontrolled hypertension
or diabetes mellitus even without clinical evidence of reti-
nopathy. At the time of enrollment, both axial length mea-
surements and SS-OCTA imaging were performed. Axial
length measurements were performed using a noncontact
biometry instrument (IOLMaster; Carl Zeiss Meditec,
Dublin, California, USA). Each subject was then scanned
using the SS-OCTA instrument (PLEX Elite 9000; Carl
Zeiss Meditec), which has been cleared by the US Food
and Drug Administration for commercial use. This SS-
OCTA instrument has a scanning rate of 100 000 A-scans
per second, a central wavelength of 1060 nm, a bandwidth
of 100 nm, an A-scan depth of 3.0 mm in tissue (1536
pixels), a full-width at half maximum axial resolution of
w5 mm in tissue, and a lateral resolution at the retinal sur-
face estimated at w14 mm. FastTrac motion correction
software was used while the images were acquired. The
scan protocols for imaging the CC were a 3 3 3-mm scan
and a 6 3 6-mm scan centered on the fovea. Each 3 3 3-
mm scan consisted of 300 A-scans per B-scan, repeated 4
times at each of the 300 B-scan positions. As a result, a
homogenous sampling grid was obtained with an A-scan
separation of 10 mm. Each 6 3 6-mm scan consisted of
500 A-scans per B-scan, repeated 2 times at each of the
500 B-scan positions, which resulted in a homogenous sam-
pling grid with a separation of 12 mm. For all the partici-
pants, each eye was imaged separately, and 1 eye from
each subject was selected to be analyzed in the study.
The right eye was the default selection unless gross eye
movements and poor signal were noted in scans of the right
eye. Images were excluded from the study if significant
media opacity was present; if signal strength was less than
7 as defined by manufacturer, which prevented high-
quality imaging; or if there was severe motion artifact.
Owing to variation in the OCT signal strength among
the subjects, we normalized all the OCT images to a signal
strength of 9 before the OCTA images were processed.26

This treatment should mitigate the influence of the OCT
signal strength variation among the subjects on the final
CC maps.
The method for visualizing CC and quantitating the flow

deficits (FDs) was previously described.24 In that work we
also demonstrated high repeatability of FD measurements
in both normal eyes and eyes with drusen. As previous
studies have documented, the CC was best visualized by
selecting a slab slightly below the anatomic CC boundary
owing to the phenomenon of decorrelation tails.10,13,27,28

A 20-mm-thickness slab was used with the inner
boundary located beneath the Bruch membrane. The CC
en face flow images were then corrected by using the
corresponding en face structural image to compensate for
signal loss due to the overlying anatomy, and retinal
vessel projection artifacts were removed from the CC en
111IOCAPILLARIS IN NORMAL EYES



face flow images for more accurate quantification, as
previously described.24,29 Threshold values for the 3 3 3-
mm and 6 3 6-mm images to isolate FDs were obtained
based on standard deviations of the CC from 20 eyes
randomly chosen from subjects with ages in their 20s to
30s. The shadows cast by the large retinal vessels on the
CC images have been excluded from the flow deficits
analysis. FDs were identified after thresholding and
binarization of CC en face flow images.24 Very small FDs
were likely to represent SS-OCT speckle noise in the im-
ages rather than physiologically meaningful signals.25

The actual average intercapillary distance based on AO-
OCT studies was shown to be about 39 mm.15 We used
similar consideration based on a histogram analysis of
flow deficit sizes in our sample of normal eyes to derive a
cut-off criterion for small FDs. The histogram distribution
demonstrated 2 dominant modes, and following a radial po-
wer spectrum analysis, the bimodal histogram indicated
that the average intercapillary distance within the CC
map was 24 mm. This value was then selected as a cut-off
threshold and all FDs with a diameter less than 24 mm
were removed.25 Quantitation of the CC on the 3 3 3-
mm scan was performed by calculating the percentage of
FDs (FD %) in a 1-mm circle (C1), 1.5-mm rim (R1.5),
and the entire 2.5-mm circle (C2.5) centered on the fovea
(Figure 1D, H, L, and P). On the 6 3 6-mm scans, FD%
within the same C1, R1.5, C2.5 were calculated, as well as
the 2.5-mm rim (R2.5), and 5-mm circle (C5) centered on
the fovea (Figure 2D, H, L, and P). The location of the
fovea was determined manually by examining the B-scans
vertically and horizontally.30 In addition, areas were
excluded from analysis if the OCT signal strength was
less than twice that of the system noise floor calculated
from the region within the foveal avascular zone.

Data were summarized with means, standard deviations,
and ranges. Our aim was to use linear regression to create
normal tolerance (prediction) limits for FD% for each
scan type and region (3 3 3-mm scans: C1, R1.5, and
C2.5; 6 3 6-mm scans: C1, R1.5, C2.5, R2.5, and C5)
following our previously employed strategy.31 Inspection
of data plots and regression residuals identified 2 problems:
heteroscedasticity of variances in FD% between age groups,
which was confirmed with Levene’s test; and departure
from linearity of the relationship between FD% and age.
Box-Cox analysis32 suggested square root transformation
of the FD% to overcome this heteroscedasticity. To ac-
count for departures from linearity, we supplemented linear
regression fits with 2-slope piecewise fits using an inflection
point at 50 years of age. To obtain clinically useful normal
ranges, tolerance limits were back-transformed to the orig-
inal FD% scale. The strength of associations between FD%
for each scan and region with age and axial length were
assessed with Pearson correlation coefficients. Statistical
analyses were performed using the IBM Statistical Package
for the Social Sciences (SPSS), software version 21 (IBM
Corporation, Armonk, New York, USA) and results with
112 AMERICAN JOURNAL OF
a P value less than .05 were considered to be statistically
significant.
RESULTS

A TOTAL OF 164 SUBJECTS WITH NORMAL EYES WERE

enrolled in the study. The distribution of eyes in each age
group is shown in Tables 1 and 2. The mean age was 56
years (standard deviation [SD]¼ 19 years), and ages ranged
from 19 to 88 years. Women comprised 56% of the studied
population. The mean axial length of the analyzed eyes was
23.0 mm (SD ¼ 1.0 mm).
Increasing amounts of FDs were observed on both 33 3-

mm and 6 3 6-mm CC images with age (Figures 1 and 2),
and the FDs appeared to increase predominantly in the
central macular regions. The FD% measurements are
shown in Tables 1 and 2 for a variety of circle and rim sizes
by decade of age. Mean FD% of C2.5 increased with age in
both the 3 3 3-mm and 6 3 6-mm scans (Figure 3). The
same correlation could be observed in the C1 and R1.5

from both scans (Figure 4). The measurements of FD% in
C2.5, C1, and R1.5 from both scans were comparable, but
the 6 3 6-mm scan measurements were slightly smaller
than the 3 3 3-mm scan measurements (Figure 5). For
6 3 6-mm scan measurements, the FD% in C5 increased
with age, and the plot plateaued by the sixth decade of
life (Figure 6). The flattening of this trend was owing to
the age-dependent divergence between the changes in
the central 2.5 mm (C1 and R1.5) and the 2.5-mm rim
area (R2.5) (Figure 7). Moreover, the age-dependent in-
crease in FD% appears to be largely driven by the central
1-mm circle centered on the fovea (Figure 7). Of note,
larger standard deviations in the FD% were seen in the
older groups compared with the younger groups for all the
quantified regions, especially in the 1-mm central circle.
For each scan and region, linear regression models using

the square root FD% with respect to age were fitted, and
highly significant relationships for each parameter were
found (all P < .001). Correlation coefficients from the
linear regression fits can be found in Supplemental
Table 1 (Supplemental Material available at AJO.com).
However, 3 parameters in the 63 6-mm scan displayed sig-
nificant deviation from a linear fit (R1.5, P¼ .029; R2.5, P¼
.002; C5, P ¼ .004). For these 3 parameters, piecewise
regression models with an inflection point at 50 years of
age were fitted and the slope relating FD% to age was not
different from zero after the age of 50 (all P > .25;
Supplemental Table 2; Supplemental Material available
at AJO.com). Normal tolerance limits for these parameters
obtained from piecewise regression differed only modestly
from those of the linear regression fits, and we recommend
the use of the latter for all parameters (Table 3).
Figures 8-11 show the linear regression models for the

results along with the 95% normal limits after back-
APRIL 2019OPHTHALMOLOGY
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FIGURE 1. Visualization of the choriocapillaris and the regions used to calculate the percentage of flow deficits from the 33 3-mm
scans. First column (A, E, I, andM): The 33 3-mm total retina en face flow images showing the 1-mm-diameter yellow circle and 2.5-
mm-diameter red circle centered on the fovea, resulting in 3 regions: the 2.5-mm circle composed of a 1-mm circle and a 1.5-mm rim.
Second column (B, F, J, and N): The 3 3 3-mm choriocapillaris en face flow images after artifact removal and structural compensa-
tion. Third column (C, G, K, and O): The 33 3-mm en face flow image after binarization, thresholding, and removal of flow deficits
with diameter smaller than 24mm.The white areas correspond to the flow deficits. Fourth column (D,H, L, and P): The 33 3-mm en
face flow deficit images with the circles used to measure the percentage of flow deficits within the regions. (A-D) Images from a 26-
year-old subject. (E-H) Images from a 48-year-old subject. (I-L) Images from a 63-year-old subject. (M-P) Images from an 87-year-old
subject.
transformation of the data. Based on the linear fit of the
square root FD% and age, Table 3 shows the 95% normal
FD% range for each region of the macula according to
decade of age (Table 3). A statistically significant effect
of hypertension was found on the normal FD% at all loca-
VOL. 200 SS-OCTA IMAGING OF THE CHOR
tions with both scan sizes (P ranging from .026 to <.001),
but these relationships disappeared after accounting for the
more highly significant effect of age. Of note, for the 33 3-
mm scans, the correlations between axial length and FD%
for the R1.5 and C2.5 regions were small but significant
113IOCAPILLARIS IN NORMAL EYES



FIGURE 2. Visualization of the choriocapillaris and the regions used to calculate the percentage of flow deficits from the 63 6-mm
scans. First column (A, E, I, and M): The 6 3 6-mm total retina en face flow images showing the 1-mm-diameter yellow circle, 2.5-
mm-diameter red circle, and 5-mm-diameter green circle centered on the fovea, resulting in 4 regions: the 5-mm circle composed of a
1-mm circle, a 1.5-mm inner rim, and a 2.5-mm outer rim. Second column (B, F, J, and N): The 6 3 6-mm choriocapillaris en face
flow images after artifact removal and structural compensation. Third column (C, G, K, and O): The 63 6-mm en face flow images
after binarization, thresholding, and removal of flow deficits with diameter smaller than 24mm.The white areas correspond to the flow
deficits. Fourth column (D, H, L, and P): The 63 6-mm en face flow deficit images with the circles used to measure the percentage of
flow deficits within the regions. All images correspond to the same subjects shown in Figure 1. (A-D) Images from a 26-year-old sub-
ject. (E-H) Images from a 48-year-old subject. (I-L) Images from a 63-year-old subject. (M-P) Images from an 87-year-old subject.
(both r ¼ -0.18, both P ¼ .02). For all the other regions,
including the C1 in the 3 3 3-mm scans and the C1,
R1.5, C2.5, R2.5, and C5 in the 6 3 6-mm scans, there was
no significant correlation between axial length and FD%
(all jrj<0.3, all P > .05).
114 AMERICAN JOURNAL OF
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IN THE CURRENT STUDY, SS-OCTA IMAGING OF THE CC IN

normal eyes over many decades of life showed that the
FD% within the macula increases with age and the greatest
APRIL 2019OPHTHALMOLOGY



TABLE 1. Percentage of Choriocapillaris Flow Deficits in the 3 3 3-mm Scans by Decade of Age

Region

Quantified

Age Group

19-29

N ¼ 18

30-39

N ¼ 23

40-49

N ¼ 22

50-59

N ¼ 23

60-69

N ¼ 28

70-79

N ¼ 31

80-89

N ¼ 19

1-mm circle (SD) [range] 6.0 (3.5) [1.3-12.2] 9.1 (3.8) [4.0-20.6] 12.3 (5.0) [3.4-20.8] 15.5 (5.1) [6.9-25.4] 16.4 (5.9) [5.3-26.4] 22.0 (7.9) [8.1-39.0] 23.0 (9.8) [12.1-51.1]

1.5-mm rim (SD) [range] 7.4 (1.7) [5.3-11.5] 9.3 (3.0) [4.3-16.6] 11.1 (3.3) [4.9-18.4] 12.8 (2.3) [9.4-19.1] 13.7 (3.6) [6.6-20.4] 14.2 (3.5) [5.9-21.9] 15.8 (2.7) [11.8-22.3]

2.5-mm circle (SD) [range] 7.2 (1.7) [4.9-11.3] 9.2 (3.0) [4.8-17.2] 11.3 (3.1) [4.7-16.5] 13.3 (2.0) [10.6-17.7] 14.2 (3.5) [6.4-21.0] 15.5 (3.6) [7.2-24.5] 17.0 (3.3) [12.8-27.2]

TABLE 2. Percentage of Choriocapillaris Flow Deficits in the 6 3 6-mm Scans by Each Decade of Age

Region

Quantified

Age Group

19-29

N ¼ 18

30-39

N ¼ 23

40-49

N ¼ 22

50-59

N ¼ 23

60-69

N ¼ 28

70-79

N ¼ 31

80-89

N ¼ 19

1-mm circle (SD) [range] 5.4 (3.1) [0.9-11.8] 6.7 (4.5) [0.6-15.9] 9.7 (5.3) [3.3-23.9] 14.4 (6.7) [1.7-29.4] 14.5 (5.5) [4.4-25.3] 17.9 (9.4) [4.6-42.3] 20.4 (9.3) [8.7-39.8]

1.5-mm rim (SD) [range] 5.6 (2.6) [2.2-11.6] 8.3 (4.4) [1.7-17.4] 10.0 (4.5) [3.0-18.8] 13.1 (5.0) [4.2-27.7] 13.0 (3.6) [4.8-19.7] 13.0 (5.2) [4.6-29.2] 13.5 (3.9) [6.8-21.3]

2.5-mm circle (SD) [range] 5.6 (2.5) [1.9-10.5] 8.0 (4.3) [1.6-16.4] 10.0 (4.3) [3-19.1] 13.3 (5.0) [3.8-27.0] 13.2 (3.7) [4.8-20.2] 13.8 (5.6) [5.3-30.6] 14.7 (4.3) [7.6-24.4]

2.5-mm rim (SD) [range] 3.3 (1.1) [1.8-5.3] 5.3 (2.5) [2.1-10.6] 6.7 (3.2) [2.5-12.1] 7.7 (2.2) [3.6-11.4] 8.4 (2.5) [2.3-15.4] 7.6 (2.9) [3.2-15.6] 8.1 (2.6) [4.3-14.5]

5-mm circle (SD) [range] 3.9 (1.3) [1.8-6.6] 6.0 (2.8) [2.2-12.1] 7.6 (3.3) [2.7-12.1] 9.2 (2.7) [3.7-13.6] 9.6 (2.6) [3.0-16.6] 9.3 (3.2) [4.2-16.6] 9.8 (2.2) [5.4-15.0]

V
O
L.

2
0
0

1
1
5

SS-O
C
TA

IM
A
G
IN

G
O
F
T
H
E
C
H
O
R
IO

C
A
P
ILLA

R
IS

IN
N

O
R
M
A
L
E
Y
ES



FIGURE4. Relationship between the percentage of flow deficits and age within the 1-mm circles and the 1.5-mm rims from the 33 3-
mm scans and the 63 6-mm scans. The average percentage of flow deficits within the 1-mm circles and the 1.5-mm rims centered on
the fovea and the corresponding standard deviations are plotted vs each decade of age. (A) 3 3 3-mm scan. (B) 6 3 6-mm scan.

FIGURE 5. Comparison between the percentage of flow deficits in the 2.5-mm circles, 1-mm circles, and 1.5-mm rims from the 33
3-mm and 63 6-mm scans. The average percentage of flow deficits are compared between the 33 3-mm and 63 6-mm scans for the
2.5-mm circles (A), 1-mm circles (B), and 1.5-mm rims (C) centered on the fovea.

FIGURE 3. Relationship between the percentage of flow deficits and age within the 2.5-mm circles from the 33 3-mm scans and the
63 6-mm scans. The average percentage of flow deficits within the 2.5-mm circles centered on the fovea and the corresponding stan-
dard deviations are plotted vs each decade of age. (A) 3 3 3-mm scan. (B) 6 3 6-mm scan.
increase was found in the central 1-mm circle of the mac-
ula. While the impact of age on normal CC perfusion is not
a new finding since a significant negative correlation be-
tween age and CC density was shown histologically back
116 AMERICAN JOURNAL OF
in 1994,2 our study demonstrated this correlation in vivo
using a commercially available SS-OCTA instrument.
Moreover, we showed that the greatest perfusion abnormal-
ity occurred in the center of the macula.We also noted that
APRIL 2019OPHTHALMOLOGY



FIGURE 6. Relationship between the percentage of flow defi-
cits and age in the 5-mm circles from the 6 3 6-mm scans.
The average percentage of flow deficits within the 5-mm circles
centered on the fovea and the corresponding standard deviations
are plotted vs each decade of age.

FIGURE 7. Relationship between the percentage of flow defi-
cits and age within the 1-mm circles, 1.5-mm rims, and 2.5-
mm rims from the 6 3 6-mm scans. The average percentage of
flow deficits within the 1-mm circles, the 1.5-mm rims, and
the 2.5-mm rims centered on the fovea and the corresponding
standard deviations are plotted vs each decade of age.
the variability of the FD% measurements increased with
age. Explanations for why the central macula preferentially
loses CC perfusion with age and why the variability of FD%
increases with age are not known at this time, but most
likely they will be associated with underlying systemic con-
ditions such as hypertension and cardiovascular disease. In
our study, we did not document the underlying health
status of all subjects. No doubt, future studies will explore
the association between a subject’s overall health and CC
perfusion.

The preferential decrease of CC perfusion in the central
macula with age raises some intriguing possibilities when it
comes to AMD. This age-dependent decrease in perfusion
may explain why the central macula seems to be uniquely
susceptible to neovascularization in AMD. Perhaps, in in-
dividuals with a genetic risk for developing AMD, the pref-
erential loss of the CC perfusion with age in the central
macula predisposes to macular neovascularization
(MNV), or this genetic susceptibility may exacerbate the
formation of FDs and increase the risk of MNV. Though
this central macular region may be uniquely susceptible
to ischemia-induced neovascularization,33–35 it does not
appear to be the area most susceptible to the formation of
GA in AMD, which usually arises in the parafoveal
macula.36–38 Future studies of the CC in AMD and other
macular diseases may help to identify the forces
responsible for the changes that lead to vision loss in
specific diseases as compared with changes related to
normal aging. Perhaps the changes in CC perfusion that
are associated with disease may be analogous to
accelerated aging of the CC. By understanding the CC in
normal aging and disease, we hope to develop better
VOL. 200 SS-OCTA IMAGING OF THE CHOR
diagnostic imaging strategies that may predict disease
onset and progression, as well develop better imaging
endpoints for clinical trials.
Several studies have investigated the CC in retinal dis-

eases using OCTA. Using SD-OCTA imaging, Nesper and
associates reported that eyes with reticular pseudodrusen
(RPD) had significantly larger areas of decreased CC perfu-
sion compared with eyes with drusen and no RPD,18 which
was consistent with findings of 2 other groups.39 Borrelli
and associates reported that eyes with intermediate AMD
inwhich the fellow eye had neovascularAMDshowed an in-
crease in the average CC flow void size compared with inter-
mediate AMD eyes that did not have neovascular AMD in
the fellow eye.19,40 Sacconi and associates found CC
impairment surrounding the GA margin that preceded
RPE alterations at fundus autofluorescence.41 In addition,
other research groups have shown macular CC alterations
in DR,20,42 central serous chorioretinopathy,21 macular
holes,22 Bietti crystalline dystrophy,43 choroidal nevi,23,44

hamartomas,45 hypertensive choroidopathy,46 pseudoxan-
thoma elasticum,47 and uveitis.48,49 Some studies even
used SD-OCTA systems to monitoring CC changes after
pars plana vitrectomy and photodynamic therapy.50–52

However, one of the limitations of SD-OCTA is its laser
wavelength of 850 nm, which is highly scattered by the
RPE and results in significant sensitivity roll-off when imag-
ing beneath the RPE.53Moreover, in the presence of drusen,
the attenuation of SDOCT signal becomes even more
obvious with false-positive flow impairment appearing under
drusen with SD-OCTA imaging that were not present using
SS-OCTA imaging.14,28
117IOCAPILLARIS IN NORMAL EYES



FIGURE 8. Adjusted scatterplots showing all the flow deficit percentages in the 2.5-mm circles with the 95% normal limits from the
33 3-mm scans and the 63 6-mm scans. The solid line is the linear regression line after Y-axis back-transformed from the square root
of the flow deficit percentages. The dashed lines represent the 95% normal limits. The correlation coefficient is r. (A) 33 3-mm scan.
(B) 6 3 6-mm scan.

FIGURE 9. Adjusted scatterplots showing all the flow deficit percentages in the 1-mm circles with the 95% normal limits from the
33 3-mm scans and the 63 6-mm scans. The solid line is the linear regression line after Y-axis back-transformed from the square root
of the flow deficit percentages. The dashed lines represent the 95% normal limits. The correlation coefficient is r. (A) 33 3-mm scan.
(B) 6 3 6-mm scan.

TABLE 3. 95% Normal Range of Flow Deficit Percentages by Each Decade of Age

Scan Pattern Regions Quantified

Age Group

19-29 30-39 40-49 50-59 60-69 70-79 80-89

3 3 3-mm scan 1-mm circle 1-18 2-21 3-25 4-29 6-34 8-39 10-43

1.5-mm rim 3-14 4-16 5-18 6-19 7-21 8-23 9-25

2.5-mm circle 3-14 4-16 5-18 7-20 8-22 9-24 11-26

6 3 6-mm scan 1-mm circle 0-18 0-21 1-25 2-29 3-33 5-38 6-42

1.5-mm rim 1-16 2-18 2-20 3-22 4-24 5-26 6-28

2.5-mm circle 1-16 2-18 2-20 3-22 4-25 5-27 7-30

2.5-mm rim 1-10 1-11 2-12 2-13 3-14 3-16 4-17

5-mm circle 1-11 2-12 2-13 3-15 3-16 4-18 5-19
SS-OCTA has advantages when it comes to imaging the
CC. With a longer and safer laser wavelength of 1060 nm,
there is less scattering of the light by the RPE and less sensi-
tivity roll-off into the choroid, and a higher laser power can
118 AMERICAN JOURNAL OF
be used so that the CC can be imaged with a better signal-
to-noise ratio. Moreover, with a faster scanning rate of 100
000 A-scans per second, denser scan patterns with closer
spacing of A-scans and B-scans can be obtained, for a given
APRIL 2019OPHTHALMOLOGY



FIGURE 11. Adjusted scatterplots showing all the flow deficit percentages in the 5-mm circles and the 2.5-mm rims with the 95%
normal limits from the 63 6-mm scans. The solid line is the linear regression line after Y-axis back-transformed from the square root
of the flow deficit percentages. The dashed lines represent the 95%normal limits. The correlation coefficient is r. (A) 5-mm circle. (B)
2.5-mm rim.

FIGURE 10. Adjusted scatterplots showing all the flow deficit percentages in the 1.5-mm rims with the 95% normal limits from the
33 3-mm scans and the 63 6-mm scans. The solid line is the linear regression line after Y-axis back-transformed from the square root
of the flow deficit percentages. The dashed lines represent the 95% normal limits. The correlation coefficient is r. (A) 33 3-mm scan.
(B) 6 3 6-mm scan.
field of view and acquisition time, compared with those
obtained using an SD-OCTA instrument, and this denser
scan pattern results in better image quality. With the com-
mercial availability of SS-OCTA instruments, reliable CC
imaging is now possible and strategies have been developed
to increase the quality of the images by improving the
signal-to-noise ratio of the images through averaging of
multiple scans,54 and by developing novel algorithms that
remove retinal projection artifacts (which compensate for
any signal reduction owing to shadowing from overlying
structural abnormalities in the RPE/Bruch membrane com-
plex, such as the shadowing from drusen), and that
threshold the images to remove noise.24

In this study, we excluded subjects with a refraction
greater than -6.0 diopters or axial length longer than
26 mm to avoid results that could be related to high myopia
rather than aging. Interestingly, a recent report described
increased FDs of the CC in myopic eyes using
SD-OCTA.55 However, within the range of axial lengths
VOL. 200 SS-OCTA IMAGING OF THE CHOR
studied, we did not find a strong influence of axial length
on the FD% in the CC. Even though the P values of axial
length and FD% in R1.5 and C2.5 of 3 3 3-mm scans were
.02, which is statistically significant, the correlation coeffi-
cients were too small to be clinically significant. It is
interesting that we previously demonstrated a negative cor-
relation between choroidal thickness and axial length,31

and we were expecting a similar correlation between FD
% and axial length, since CC perfusion and choroidal
thickness are both part of the choroidal circulation. How-
ever, our results are consistent with other studies that have
shown no correlation between the CC and subfoveal
choroidal thickness.56,57

The major limitation of this study is the lack of detailed
medical histories on all patients, particularly the lack of
documenting cardiovascular disease status, the severity of
hypertension, and the medications being taken by the sub-
jects. Another limitation is our reliance on a single
SS-OCTA scan. Recent studies have shown that imaging
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of the CC can be improved by averaging multiple
scans,25,54 and future studies will incorporate this
averaging strategy. In addition, we used a fixed global
threshold to identify the flow deficits in all the cases. The
threshold was generated from the CC images obtained
from 20 eyes randomly chosen from subjects with ages in
their 20s to 30s. While such a strategy was shown to
produce measurements of flow deficits with good
repeatability, both in normal and in drusen cases,24 it is
possible that a global threshold might fail to properly iden-
tify some FDs owing to local signal variation within the
scanned region. This potential issue should be mitigated
here by our normalization of the images, as well as by the
use of the structural signal to compensate for local signal
120 AMERICAN JOURNAL OF
variations. Further development and refinement of the
algorithm with the adoption of an appropriate local thresh-
olding technique may possibly result in improvements in
the accuracy of the FD measurements.
In summary, we found that CC FDs within the macula

had a statistically significant negative correlation with
increasing age and the FDs increased preferentially in the
central macula. We were able to establish the 95% normal
FD ranges for different decades of life for both the 3 3 3-
mm and 63 6-mm scans using the commercially available
SS-OCTA system. By understanding the changes that
occur in the CC with normal aging, we now have the con-
fidence to investigate and identify the disease-specific
changes in the CC that arise in macular diseases.
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